Abstract. The feasibility of synthesizing distributed fields of soil moisture by the novel application of four-dimensional data assimilation (4DDA) applied in a hydrological model is explored. Six 160-km 2 push broom microwave radiometer (PBMR) images gathered over the Walnut Gulch experimental watershed in southeast Arizona were assimilated into the Topmodel-based Land-Atmosphere Transfer Scheme (TOPLATS) using several alternative assimilation procedures. Modification of traditional assimilation methods was required to use these high-density PBMR observations. The images were found to contain horizontal correlations that imply length scales of several tens of kilometers, thus allowing information to be advected beyond the area of the image. Information on surface soil moisture also was assimilated into the subsurface using knowledge of the surfacesubsurface correlation. Newtonian nudging assimilation procedures are preferable to other techniques because they nearly preserve the observed patterns within the sampled region but also yield plausible patterns in unmeasured regions and allow information to be advected in time.
Introduction
Soil moisture is most often described as the water in the root zone that can interact with the atmosphere through evapotranspiration and precipitation. Because soil moisture links the hydrologic cycle and the energy budget of land surfaces by regulating latent heat fluxes, accurate assessment of the spatial and temporal variation of soil moisture is important for the study, understanding, and management of surface biogeophysical processes. Given the crucial role of soil moisture in land surface processes, it should be monitored with the same accuracy and frequency as other important environmental variables. However, because in situ soil moisture measurements are generally expensive and often problematic, no large-area soil moisture networks exist to measure soil moisture at the high frequency, multiple depths, and fine spatial resolution that is required for various applications. Remote sensing of soil moisture is limited by errors introduced by soil type, landscape roughness, vegetation cover, and inadequate coverage in both space and time. Alternatively, many reliable hydrologic models are available for calculating soil moisture, but these are prone to error in both structure and parameterization. It has been suggested [Wei, 1995] that the best, operational soil moisture estimates might be obtained through a synthesis between remote-sensing data and hydrologic modeling. Remote-sensing data, when combined with numerical simulation and other data, should provide estimates of soil moisture with higher spatial and temporal resolution and less error than either remotely sensed data or model simulations separately.
The focus of this research is a prototype system that uses four-dimensional data assimilation (4DDA) methods applied in a macroscale land hydrology model to generate soil moisture fields on regular space and time intervals. The resulting model is a first step toward a new generation of meteorological models that have the capability to assimilate both atmospheric and hydrologic observations for an improved understanding of the interaction between weather and hydrological processes.
Methods

TOPLATS
The Topmodel [Beven and Kirby, 1979 ]-based Land Atmosphere Transfer Scheme (TOPLATS) [Famiglietti and Wood, 1994 ] was used in this study. However, any high-quality spatially distributed soil-vegetation-atmosphere transfer scheme (SVATS) could have been used. The TOPLATS incorporates simple representations of atmospheric forcing, vertical soil moisture transport, plant-controlled transpiration, interception, evaporation, infiltration, surface runoff, and sensible and ground heat fluxes. The subsurface soil column was originally partitioned into root and transmission zone layers in the TOPLATS. However, passive microwave remote sensing is sensitive to moisture only near the soil surface [Jackson, 1993] , so a third surface soil layer was added for this study (J. S. Famiglietti et al., manuscript in preparation, 1998).
Data Assimilation Methods
The TOPLATS was modified to allow the assimilation of soil moisture and other state variables. For ease of explanation, the following description assumes assimilation of observed surface soil moisture 0 o. However, with modifications specific to the state variable, the following description can be used to assimilate other variables, such as surface temperature. 
Newtonian Nudging Assimilation Method
Newtonian nudging relaxes the model state toward the observed state in a manner that resembles the process of Newtonian cooling. This relaxation is performed by adding a term to the prognostic equation that is proportional to the difference between the two states. These small forcing terms gradually correct the model fields, which are assumed to remain in approximate equilibrium at each time step [Stauffer and Seaman, 1990] . In this way the model can be nudged toward regularly spaced observations, or toward randomly spaced observations during a period of time and space.
Nudging Towards a Gridded Analysis
A gridded analysis is an interpolation of observation data to the model grid. When this is available, the "nudging to the analysis" method described by Stauffer and Seaman [1990] 
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The model's forcing terms are represented by F, 0•, is the observation at the model grid, and t is time. G 0 is the nudging factor that determines the magnitude of the nudging term relative to all other model processes, while the fourdimensional weighting function Wo specifies its spatial and temporal variation. The analysis quality factor • varies between 0 and 1 and is based on the quality and distribution of the observations. Equation (6) is implemented for all three TOPLATS soil layers, with the weighting factor decreasing with depth and time using the four-dimensional weighting function described later. The horizontal weighting function is always unity, because the only observation considered was that lying directly on the model grid that is being nudged.
Nudging to Individual Observations
When observations are randomly spaced, the technique of "nudging to individual observations," as described by Stauffer and Seaman [1990] 
where t is the model-relative time, t o is the model-relative time of the ith observation, and q-is the half period of a predetermined observation-influencing time window. These horizontal weighting functions are well behaved in areas of low observation density, but they degrade when applied in regions of high observation density typical of remotesensing observations. By adding more information in the form of observations at a distance, this weighting function decreases the total magnitude of the nudging. As information is added with increasing numbers of observations, the weight should increase. The simple solution adopted here was to prevent the total nudging weight in (7) from falling below the largest individual observation weighting function, W(x, t). Information from more distant observations is still used based on its individual weight, but the total weight is set to correspond to that at the closest observation. The modified predictive equation is 00 ot -F(O, x, t) + GoW(x, t)max
where W(x, t)max is the maximum weight calculated for any single observation in the set of observations.
Statistical Interpolation Assimilation Method
Statistical interpolation is a minimum variance method that is closely related to kriging. The technique can be traced back to Kolmogorov [1941] and has been in use by most major western meteorological services since the mid-1970s.
Statistical interpolation is implemented in all three TOPLATS soil layers as follows [Daley, 1991] where Po is the observation error correlation matrix, Pt, xy is the background horizontal error correlation matrix, and Pt, z is the vertical error correlation matrix. The most satisfactory way of estimating Po and Pt, is to use observations from a dense homogenous observation network and corresponding model predictions [Schlatter, 1975] . Calculations of background error correlation matrices are much more efficient if correlations are specified using symmetric, positive definite correlation models [Buell, 1972] . The system of linear equations given in (18) is solved using a simple and efficient Cholesky decomposition. Each PBMR image contains over 35,000 observations, which requires solving a system of 35,000 linear equations for each model grid point, each time an observation was available. Clearly, the computational resources needed for this task are unreasonable; hence a simplified method is required. Two alternative methods for simplifying this problem. through reduction of observations were explored. In the first, a subset of observations is randomly selected. The closest observation which is the observation with the highest information content is always included in this subset, thus approximating the analysis made with all available observations. The second method uses "superobservations," these being average values of observation groups. The model domain is divided into sections, and all observations found in those sections are averaged to define the superobservation. In this study, either 100 random samples or 100 superobservations are used when applying the statistical interpolation method. 
Temporal Forcing
Precipitation is the most important spatial forcing variable in semi-arid regions owing to its highly variable, convective nature; thus much effort was devoted to deriving spatially distributed precipitation data sets for the Monsoon '90 experiment. A multiquadric-biharmonic interpolation algorithm [Syed, 1994] measurements were also made at daily intervals and at multiple depths down to 0.5 m at two of the Metflux sites [Kustas and Goodrich, 1994 ].
Results
Correlation Structure Analysis
The ability of data assimilation methodologies to advect information from data-rich regions to data-poor regions depends on the assumption that there is some natural spatial structure or correlation in the data. The correlation of PBMR brightness temperature and soil moisture time series versus distance is shown in Figure 4 . This figure shows that the inversion from brightness temperature to soil moisture has little impact on this correlation, and that longer time series improves the definition of the spatial structure. The background error correlation (i.e., the distance correlation of the (P-Ts) time series) shown in Figure 6 is the primary mechanism for advecting observational information into data-sparse regions in the statistical interpolation method. It is clear from this figure that one additional measurement in the time series has a large positive impact on the ability to identify the correlation structure; hence a longer time series would produce a more identifiable structure. Because of the dense nature of remote-sensing observations, the total number of pairs can exceed 600 million for the PBMR-TOPLATS data set; thus a 0.01% random subsample was used in fitted curve is shown in Figure 6 , and its parameters are given in Table 2 .
Statistical interpolation allows for vertical assimilation of data, but to do so requires specification of a vertical, background error correlation function. Because explicit definition of this function was not possible from PBMR observations, in situ profile TDR observations were used as a surrogate to formulate this function for the root zone (Table 3) . Following Stauffer and Seaman [1990] , most of the Newtonian nudging parameters, such as the analysis and observation quality factors, were set to unity. The parameters that determine the spatial radius of influence were set to the values determined for the statistical interpolation technique (Table  4) . The nudging factor is usually less than 1/At, where At is the model's time step length [Stauffer and Seaman, 1990 ]; 10% of this value worked well in this study. Watershed average time series of surface and root zone soil moisture derived using the various assimilation strategies are shown in Figure 7 . The transmission zone soil moisture is not shown because it varies less than 1% in practice. Nudging to the gridded PBMR observations inside the observed area yields an undesirable discontinuity at this boundary; therefore nudging to randomly spaced observations was performed both inside and outside the observed area. Without calibration the TOPLATS was unable to simulate surface soil moisture dynamics, and even after a comprehensive multiobjective parameter calibration, the model overestimated surface zone soil moisture and was unable to achieve observed poststorm drydown. All of the data assimilation methods significantly and similarly improved the simulation of surface zone soil mois- Capillary rise refers to the upward flux of water from the saturated surface, ET is evapotranspiration, recharge is the drainage to the saturated zone, surface AS is the sum of the changes in storage in the surface zone, leaf AS is the sum of the changes in storage in the interception store, in-out is the total input less the total output, total AS is the total change in storage, and error is in-out less total AS. All values are in millimeters. ture, with the exception of direct insertion, which is unable to impose an entire watershed correction and was therefore unable to adjust the model trajectory sufficiently. Nudging had the clear advantage of providing smoother temporal adjustments; however, this characteristic also inhibits the application of this method in real time. All simulations produced identical surface zone soil moisture simulations after the storm on day 224 because this storm saturated the surface zone, causing all past surface zone forcing to be forgotten; however, this process does not occur in the models' root zone, where memory of past assimilation is preserved. This sequence of events is not unrealistic; rather, it suggests a time interval at which soil moisture observations are needed for data assimilation, this interval being less than or equal to the time between storm events.
In the root zone the modeled time series fell into two distinct groups corresponding to methods with and without the capability for vertical assimilation of information. Among the latter group, nudging assimilation performs a more conservative correction compared with statistical interpolation. None of the methods produced time series that match the root zone observations. However, it is important to bear in mind that with only two root zone observations, the root zone spatial variability is not adequately sampled. Overall, the Newtonian nudging method has the most desirable features for remotely sensed soil moisture data assimilation. It is the only true 4DDA method used in this study, and it produces relatively continuous soil moisture time series and reasonable spatial patterns. The primary drawback of Newtonian nudging is its large computational demand, which makes the extremely efficient statistical corrections algorithm look attractive. The statistical corrections method takes only slightly more computational time than a control simulation. However, it is applicable only in areas that have many remotely sensed observations that effectively sample the statistics of the state.
Data assimilation has the consequence that mass and energy are not conserved. If the model has too much or too little water, the data assimilation process either creates or destroys water in such a way as to make these states more realistic. The simulated water balances given by each of the simulations is shown in Table 5 . As expected, the model conserves water in the control simulation, while more complex assimilation methods progressively modify the model water balance to a larger extent.
The data assimilation process results in model states that are more realistic and, if the model structure and parameters are properly specified, these more realistic states result in better model predictions, which was observed in this study. It is expected that these benefits would be more substantial over longer time periods.
Sensitivity to Assimilation Information
The sensitivity of model predictions to a single set of observations was explored using the statistical corrections assimilation method by comparing the control and the statistical cor- 
Discussion
The results of this study emphasize the relative importance of hydrologic forcing in the Walnut Gulch watershed. Precipitation is known to be the dominant force in determining the spatial structure of hydrologic response in semi-arid regions. This was confirmed through the ability of a relatively simple model to predict spatial variability in soil moisture with precipitation as its only relevant spatially distributed input. The highly correlated time series of soil moisture and sensible, latent, and soil heat fluxes within Walnut Gulch support the conclusion that the land surface-atmosphere interactions of areas at least the size of Walnut Gulch can be represented reliably with a single set of forcing, flux measurements, and model parameters. If a linear relationship were assumed for There is a clear trade-off between using a complex data assimilation technique and the ability to use all the available data due to the large computational burdens of performing data assimilation at fine resolutions using dense data sets. On the basis of this study, it was found that, as the complexity of the data assimilation model increases, the size of the assimilated data set needs to decrease in order to maintain computational feasibility. Complex methods have the ability to extract more useful information from assimilated data, but simpler methods use more of the data to extract similar information.
This trade-off allows simpler assimilation techniques to perform almost as well as complex techniques. In general, this argument suggests the use of assimilation methods that are of moderate complexity, are sound and computationally efficient, but use as much data as possible. If the information in the data can be efficiently compressed or filtered before its use in data assimilation, it may be more reasonable to use larger data sets in complex data assimilation strategies. Because hydrologic data assimilation requires hydrologic modeling predictions, it is limited by a similar trade-off between fine resolution and large area implementation. A statistically based assimilation may be a viable approach for use in large areas, but ultimately the trade-off between resolution and area will be determined by the application. Several supplementary observations are essential for implementation of soil moisture data assimilation, the most important being meteorological forcing. Forcing averaged over large areas may be adequate, but detailed spatial patterns of precipitation are essential. Clearly, regular, remotely sensed soil moisture observations are required, but these must be supplemented by in situ surface and root zone observations across the operational domain to specify error correlations, to calibrate parameters, and to validate the model-calculated fields. Observations of soil and vegetation characteristics are likely needed for optimal model performance, while observations of surface water and energy fluxes are valuable for validating simulation results.
